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T onanee 2F D12 indinatas that adedad (lanesian nomse does not signif-
icantly effect the results.

Spot-wobbling the scanning beam of a noisy picture increases the
visible size of the noise which is analogous to lowering the frequency
of the noise. It is a well known fuct that low freqnency noise is more
detrimental to the quality of a television picture than high frequency
noise. When the pictures were spot-wobbled without added noise, the
PSE was 157 lines indieating a strong preference for the noninterlaced
pictures in this case. When noise was added to the spot-wobbled pie-
tures, there was an increase in the preference for the line-interlaced
picture, PSE = 167 lines. This indicates that a combination of noise
and spot-wobble is more detrimental to the quality of a noninterlaced
vieture than a line-interlaced picture by a significant amount. Interline
flicker associnted with the hine-interiaced picture appears subjecuveiy
as noise to the obscrver. Could it be that the added noise in a spot-
wobbled picture is partially confounded with the interline-flicker of
the line-interlaced picture and therefore is not as visible as such as
1t 1s in the noninterlaced pictures?

Fig. 15 shows graphs of the preference percentile scores for the
noninterlaced pictures over the interlaced picture for two levels of
illumination summed over the additional variables. A significant dif-
ference was not detected for the change in illumination. Thus, one
may conclude that a change in illumination will not change the sub-
jective equivalency between line-interlaced and noninterlaced television
pictures under the conditions of this experiment.

Fig. 16 shows the preference percentile score of the noninterlaced
pictures over the interlaced picture for the skilled obscrvers and the
nonskilled observer. The PSE for the skilled observers is a 166-line
picture (B7 = 1.09) with a standard deviation of 21 lines. The PSE
for the unskilled observers is a 163-line picture (Bi = 1.05) with a
standard deviation of 21 lines. A T-score of 0.37 indicates there is
no significant difference between the two groups of observers. However,
an interesting significant difference was found within the skilled group
of observers. The skilled observers were drawn from two television
engincering groups at these laboratories which work more or less in-
dependently of cach other. One group had a significantly stronger
preference for the line-interlaced picture than the other. Yet when
the data of the two groups were pooled the PSE of the skilled group
and the PSE of the nonskilled group were not significantly different.
This implies that when conducting subjective tests of this type where
the results are applicable to a lay population, the possibility of a strong
bias in a skilled group should not be overlooked.
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Fig. 15 - Ixperiment I-—the preference for noninterlaced pictures over a 225-line
interlaced picture at two levels of illumination. (Summed over other additional
variables. )

Fig. 17 shows the preference percentile score of the noninterlaced
pictures over the interlaced picture for the blonde model is a 165-linc
picture (Bi = 1.08) with a standard deviation of 19 lines. The PSE
of the brunctte model is & 163-line picture (B: = 1.05) with a standard
deviation of 23 lines. Their 7-score of 0.24 indieates there is no significant
difference in their PSIS's,

VI. EXPERIMENT II-—EXPERIMENTAL DESIGN

The results obtained in experiment 1 indieate that the precision of
estimation of the PSE could be improved by decreasing the step-size
between the noninterlaced pietures. Accordingly, the ratio of the step-
size in terms of number of lines between the noninterlaced pictures
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Fig. 16 — Iixperiment I—the preference for noninterlaced pictures over a 225-line
interlaced picture for skilled and nonskilled observers. (Summed over all varinbles.)

was reduced to v/2 over the range of 135 lines to 189 lines. Table III
shows these parameters and the values of the other parameters which
were changed in order that the picture format would be consistent
with the change in number of lines.

Another variable of importance, a change in picture luminance, was
introduced at two levels in experiment IT. These two levels were:

Cano [ Case 11
ITigh Light 80 {1, (270 ed/m?) 50 fL (170 cd/m?)
Low Light 3.5 (L (12 ed/m?) 1.5 1L (5 cd/m?)
Contrast Ratio 23:1 33:1
Ilumination 50 fe (550 Im/m?) 25 fe (275 Im/m?)

The ambient illumination was set at the two levels indicated in the
table which the experimenter thought gave good picture rendition in
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each case. It was felt that this was legitimate since experiment I in-
dieated that a change in illumination did not significantly affect the PSE.

In addition to determining the PSE of the linc-interlaced picture with
respect to the sct of noninterlaced pictures for the conditions cited
above, it was desirable to determine the subjective relationship between
the noninterlaced pictures. Accordingly, an incomplete factorial design
was used where the line-interlaced picture was compared with cach
of the noninterlaced pictures and the adjacent (in terms of number
of lines) noninterlaced pictures were compared with each other. A-B
testing techniques were employed again. The order of A-IB pairs and
the order within A-B pairs was determined by random number tables.

The test apparatus described carlier was used except that it was
modified to accommodate the new rates.
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each. In case 11, 9 nonskilled subjects were used with three replications
each.
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_ Fig. 17 — Lxperiment I—the preference for noninterlaced pictures over a 226-line
interluced picture for blonde and brunette models. (Summed over all variables.)
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The test procedure and instructions to the observer were the same
ns those described in Section IV except for the necessary change in
the number of ‘‘sets of pictures’'.

VII. EXPERIMENT II—RESULTS AND CONCLUSIONS

Each of the observers made a forced choice decision for one of the
two pictures in each A-13 pair presented to him. In addition to recording
his preference, the time it took each observer to reach a decision was
recorded for each A-B pair. It was assumed that time would vary

TanLe III-—SoMrE PARAMETERS OF EXPERIMENTAL
ArraraTus (ExpERIMENT II)

! | 1 | ! - !

v

Visible | picture | subtense

Line- | Horizontal| Band- Picture picture ele- between
Number | inter- lweef wdth ! /el / ta/ | two lines
of lines lace rate (iz) | (Mi2) frame {rame line at 40

225 Yes 6750 | 0.575 | 38,333 | 28,366 142 2.2

189 No | 11,340 | 0.812 | 27,066 | 20,029 119 2.5

175 | No | 10,500 | 0.695 | 23,166 | 17,143 | 110 | 2.7

162 No 9720 | 0.575 | 19,166 | 14,183 102 2.0

147 No 8820 | 0.495 | 16,500 | 12,210 92 3.2

135 No 8100 | 0.415 1} 13,766 | 10,186 85 | 3.4
! | |

—_ i

proportionately with the difficulty of reaching a decision, i.e., time
would be well correlated with the first derivative of the pereentile score.

Using time as the variable, control charts'® were sct up for the
experiment. The control charts for the mean time indicated that the
experimental apparatus was under control at all times. Range control
charts indicated that all of the observers were within population
control limits.

Table 1V (a) lists the frequency of preference for the noninterlaced
pictures over the 225-line interlaced picture for the two levels of
luminance. Listed in Table 1V (b) is the preference of the noninterlaced
picture with the larger number lines over the adjacent noninterlaced
picture with the lesser number of lines.

The data listed in Table IV (a) relating the interlaced picture to
the noninterlaced pictures was converted to percentile scores and plotted
on normal-probability paper as shown in Iiig. 18.* Again assuming

* When the fifth data point is missing from the graph, it occurred at the 100th
percentile for the 225-line noninterlaced picture.
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Tasue [V Lixperiment I

(a) (b)

Frequency of preference for
noninterlaced  pictures over
L2h-hine interiaced picture

Noninterlaced pictures: fre-
quency of preference for
piciure A over pictiite B in
terms of number of lines

Case 111 Case 1t
AN()._U—{-* N h -;l:v of ‘Total
observers 12| 9 observers {121 91 out of 51
i —|-— - - obacrvations
Heplicationa | 2| 3 eplicationa 2l 3
1R [22]24 vieAfrien |
Number 175 12{10 1RO | 175 12226 48
of lines E— . ! - SNSRI RN DRI JU I ——
{non- 102 1 £ Pier U YAvAL) Lo
interlaced | ————— | —|--- - — —
pictures) 147 11 162 | 147 21123 44
135 2{ 0 147 | 135 |21]26 47

a normal distribution, a probit regression line was determined for each
case. Chi-square tests indicated no conflict with the hypothesis of a
normal distribution.

The data of experiment I1 was tested for significance in the same
manner of experiment 1.

For a high-light luminance of 50 fL (170 cd/m*) the PSI was a
177-line noninterlaced picture (B7 = 1.24) with a o of 12 lines and a
SEP of 2.0 lines. For a high-light luminance of 80 fl. (270 ed/m?),
the PSE was 171 line noninterlaced picture (B7 = 1.16) with a ¢ of
18 lines and a SEP of 2.6 lines.

In addition to the graphs of experiment II, Iig. 18 shows the graph
of the results from experiment 1 (see Iig, 12) for a high-light luminance
of about 100 fL (340 c¢d/m®) summed over all variables. Thus, three
values of high-light luminance are available in checking for a significant
difference betwcen high-light luminances.

The T-score for changes in high-light luminances of 50 fL (170 ed/m?)
to 80 fL, (270 ed/m*) and 80 fL. (270 e¢d/m®) to 100 fL (340 ed/m?)
is 1.83 and 1.44, respectively. These T-scores approach the significant
value of 1.96. Thus, we may conclude that a change in high-light
luminance of less than 30 fL (100 cd/m®) over the range of 50 fL
(170 ed/m*) and 100 L (340 ¢d/m?*) will not quitc produce a sig-
nificant difference in the PSIi when comparing line-interlaced and
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Fig. 18 — Iixperiment I and 1I—the preference for noninterlaced pictures over a
225-line interlnced picture for three levels of luminance.

noninterlaced television pictures under the conditions of these ex-
periments,

The T-score for a change in high-light luminance of 50 1. (170 ed/m?)
to 100 f1. (340 ¢d/m?) is 2.85. This value of T is highly significant.
We may conclude that a change in high-light luminance from 50 fL
(170 ¢d/m?®) to 100 fL (340 ¢d/m?) will produce a highly significant
difference in the PSE when line-interlaced and noninterlaced television
pictures are compared under the conditions of these experiments.

The preference of the noninterlaced picture with the larger number
of lines over the adjacent noninterlaced picture with the lesser number
of lines is not shown in graphic form. Table 1V-13 shows that about
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i 90 perecent of the observers preferred the pictures with the larger
number of lines over the picture with the lesser number of lines. The

exact meaning of these results is not obvious. Although the observers
were asked to make their decisions on the basis of picture quality,
we may instead have a measure of the observers ability to detect a
difference in the number of lines between two pictures.* In other
words, the observer in deteeting which pieture had the greater number
of lines, may have assumed that this picture must also have the better
quality. We may conclude that about 90 percent of the observers
will be able to determine which of two noninterlaced television pictures
has the greater number of lines when the ratio of the number of lines
in the picture is v/2 over the range of 135-line pictures to 225-line
pictures.

VII. EXPERIMENT III—EXPERIMENTAL DESIGN

The fact that the image of a television picture is reproduced in
lines on the picture tube screen is objectionable to most people. This
i« particularly true of low-resolution television systems with coarse
hine struetures. Broadening of the scanning lines will aid in reducing
the objectionable effects of the line structure. Asymmetrical defocussing
of the seanning spot with a magnet attached to the neck of the picture
tube is one of the most economical approaches to this problem though
Monteath'' has shown that it is not the best esthetic solution.

Asymmetrieal spot defocussing was used in this experiment as
deseribed in Scetion 11 The line-width to line-pitch ratio was set at
approximately 1.7 for the interlaced picture and approximately 1.2
for the noninterlaced pictures.® Iig. 19 shows photographs of a
line interlaced and noninterlaced picture with the line-width to line
piteh ratios set for the preferred values.

The 225-line interlaced picture was compared with the five non-
interlaced pictures described in Table III except that the 225-line
noninterlaced picture described in Table I was exchanged for the 135-
line noninterlaced picture of Table IT1.

Two levels of luminance and illumination were introduced as follows:

Case 1 Cane 11
High-Light, 60 L (200 ed/m?) 40 fL (140 cd/m?)
low-Light 3.51L (12 cd/m?) 1.5 fL (56 ¢d/m?)
Contrast, Ratio 17.2:1 27.4:1
Iumination 100 fe (1100 lm/m?) 50 fc (550 Im/m?)

* The experimenter found that the change in the number of lines (about 9 percent)
was quite evident in each case, whereas the change in bandwidth (about 18 percent)
was difficult to detect. Baldwin,® found that a change in bandwidth of 16 percent was
not pereeptible in his experiments.
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{b)

Fig. 19 — Experiment III—photographs of asymmetrically defocussed pictures.
(a) 225-line interlaced picture, (b) 225-line noninterlaced picture.

On the assumption that a change in illumination did not have a sig-
nificant effect on the PSE, the illumination was changed to give good
picture rendition with the levels of luminance used.

The order of presentation of A-B pairs for each case and the order
within pairs was determined by random number tables.

In case I, 16 nonskilled observers were used with 3 replications each.
In case I, 15 nonskilled observers were used with 3 replications each.

The test procedure and instructions to the observers were the same
as those described in Scction 1V except for the necessary change in
the “number of scts of pictures.”
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X BXPERIMENT 11— RESULTS AND CONCLUSIONS

Each of the observers mude o foreed choice decision for one of the
two pictures in each A-B pair presented to him. In addition to recording
hig preference, the time it took ench observer to reach a decision was
recorded for each A-13 patr.

Using time as the variable, control charts'® were set up for the exper-
iment. ‘The control charts for the mean time indieated that the experi-
ment was under control at all times. Range control charts indicated
that all of the observers were within population control limits.

Table V lists the frequency of preference of the noninterlaced pictures
over the 225-line interlaced picture for the two cases under test.

The data listed in Table V was converted to pereentile scores and
slattad ar narmalarchability naner ae shown in Tig 20 Assuming
a normal distribution, a probit regression hne was determined for
each case. Chi-square tests indieated no confliet with the hypothesis
of a normal distribution,

For ease 1 with a high-light huminance of 60 L (200 ed/m*) the
PST; was a 173-line picture (B¢ = 1.18) with a ¢ of 22 lincs and a SEP
of 2.1 lines. IYor Case I with o high-light luminanee of 40 fL, (140 cd/m?)
the PSI; was a 186-line noninterlace picture (B = 1.37) with a ¢ of
19 lines and a SEP of 2.3 lines. The value of the quantity T was 3.75
mdicating « significant difference between the two PSE's,

We may conclude that when the line-width to line-pitch ratio ix
set at its preferred value for interlaced and noninterlaced television

TasLk V— ExreErimenT 111; FREQUENCY OF I’REFERENCE FOR NoON-

INTERLACED P1CTURES ovER 225-LINE INTERLACED PICTURE WHEN THE

Ling-Winti 1o LiNE-Prrent RaTio 18 1.7 vor INTERLACED PICTURES
AND 1.2 ror NONINTERLACED P’ ICTURES

Caso 1 1t
No. of vheervers 16 15
1teplications 3 3
225 47 45
Number 189 45 25
of lines s — —
(noninterlaced 1756 28 10
pictures) R -
162 13 4
147 9 3
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~ Fig. 20 Kxperiment 1I--the preference for noninterlaced pictures over n 225-line
interlaced picture for two levels of high-light luminance with the line-width to line-
piteh radio set to its preferred value.

pictures there will be a significant difference in the PSE when the high-
light luminance is changed from 60 {1, (200 ed/m*) to 40 {1 (110 cd/m?)
or vice versa under the conditions of this experiment.

X. SUMMARY AND CONCLUSIONS

It has been found that the line interlacing of low-resolution television
pictures provide the observer with substantially less than a 2 :1 savings
in bandwidth under the conditions of these experiments. In the most
optimistic case where the high-light luminance was 40 {1 (140 ed/m’)
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LINE-INTERLACED ANDG

and _in which the line-width o line-piteli had been optimized the

subjective bandwidth savings was about 37 pereent.,

It was found that high-light luminance had a significant effect on
the subjective equivalence between line-interlaced and noninterlaced
television pictures. In the worst case with a high-light Juminance of
100 f1, (340 ed/m?) the line-interlacing of a 225-line television picture
provided a savings in subjective bandwidth of about 6 precent. Under
similar test conditions at a high-light luminance of 50 fI, (170 cd/m®),
the subjective bandwidth savings was about 24 percent.

The main effects of the variables added Gaussian noise, spot-wobble
lumination, two types of models, and two types of observers did not
produce a significant difference in their results. The first~order inter-
action between each of these varinbles with the exception of noise
[ERARY A‘]'l’i“w‘i‘ll}l\ Sy by ﬁlglllll‘*‘ri“':

A significant  first-order interaction was found between added
(iaussian noise and a sinusoidally spot-wobbled seanning beam. When
the scanning beam of the test pictures was spot-wobbled with a 7.14-
MHz sine wave, the 225-line interlaced picture did not provide any
subjective savings in bandwidth. However, when noise with a Gaussian
distribution was added to the spot-wobbled picture the subjective
bandwidth savings was about 10 precent. This indicates that added
noise is more detrimental to the quality of a spot-wobbled noninterlaced
pieture than to a spot-wobbled line-interlaced picture.

It was found that about 90 percent of the obscrvers preferred the
noninterlaced picture with the greater number of lines when the ratio
of the number of lines of the two pictures was /2 and the vertical
resolution in each picture was approximately cqual to the horizontal
resolution,

The same amount of picture information is presented in both the
225-line interlaced picture and the 225-line noninterlaced picture. The
noninterlaced picture is a quiet picture in which the small details
may be easily detected and tracked by the observer. This same detail
is visible in the interlaced picture, but the observer must look “through”
the interline flicker effects and resist the intrinsic desire of the eye
to track stroboscopic patterns in order to see the detail. 1t is highly
probable that the resulis of this experiment would have been quite
different if the observers task was to recognize and identify fine detail,
such as the recognition and identification of alphanumerical material.

In the design of a low-resolution television system the choice between
line-interlace and noninterlace is not completely resolved by these
experiments. These experiments provide us with a long awaited measure
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of The subjective equIVAICICE DETWeen [INC-ILerHaced ad INOMnCrneed
television pictures under the conditions described. Before a final decision
is made many other factors such as cost of implementation, the sub-
jective effects of PCM processing, repeater spacing, the subjective
elfects of crosstalk, ete. 1f applicable, must be considered. Finally,
although the full benefits of a 2:1 savings in bandwidth is not realized
by line-interlacing it does provide some bandwidth savings in all of
the eases studied except one and furthermore, line-interlacing appears
to partinlly mask the affects of added noise.
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By R. C. BRAINARD

(Manuseript received September 19, 1966)

The visibilily of noise in a lelevision presentalion is relaled to the spatial-
/requmc Y and jlzcker-jrequenc y componenis of thc noise dzspla y. The
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on a I'V screen, dmnonslratcs remarkable lmcarm/ b y giving a good ap-
progimalion o the visibility function measured with narrow bands of noisec.

A difference in visibility belween moving and slationary gratings produces
a difference belween noise visibility in TV and pholographs. This fact
18 tmportant in evalualing the computer simulation of a syslem by cal-
culations for a single T'V frame. The variation of visibility with motion
predicls increased vistbilily for addilive noise in a lelevision frame repeal-
ing system. Applicalions lo predistorlion and reconslruclion fillers for
iransnussion of analog and digital T'V signals are discussed.
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L. INTRODUCTION

For the design of a television communication channel it is desirable
to have a figure of merit for comparison of channels, As our sophistication
in the design of communication channels increases, so we must also
increase our sophistication in defining and measuring a suitable figure
of merit. As a measure of merit we may use the power spectrum N (w)
of the error, or noise, added in the channel which can be measured for
all frequencies, w, in a given transmission system. However, the ultimate
receiver is a person viewing the picture, and his sensitivity to noise
superimposed on the picture depends upon the distribution with fre-
quency of that noise. This dependence of the viewer’s scnsitivity to
noise can be considered equivalent to a linear filter and a linear detector.
We will call this sensitivity function a subjective noise-weighting
function, W(w), defined on the video bandwidth, 0 to Q.':**** This
subjective noise-weighting funetion gives the value at each frequency
of the relative contribution of noise to an overall fignre of merit.
We define this figure of merit as 1/, where
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A Video C ompression Efficiency Analysis
using Progressive and Interlaced Scanning

Eric Petajan

AT&T Bell Laboratories
Murray Hill, NJ 07974

Introduction

The delivery of video programming to the consumer at a reasonable cost and with
the highest picture quality cepends on a variety of technologies and systems. Individual
scenes are transduced with /ideo cameras, film cameras followed by telecine, or reduced
by computer. The video signals are then stored on analog video tape or digitized and
stored on tape, disk, or elec ronic image buffer. A finished program is produced by
editing individual scenes together. For the last 50 years programs have been delivered to
the consumer using the NTSC system. Consumer grade video tape has more recently
providad a program deliver - alternative to broadcasting. Today we are on the verge of
introducing motion compensated video compression into the program delivery process.
The consequences of this are far reaching and affect the traditional economics of the
entire process. In particula:, the choice of video scanning format affects the cost and
quality of the video compression to varying degrees depending on scene content. This
paper provides an analysis of the relationship between scanning format, scene content,
and video compression effi: iency as it affects picture quality.

Source Material Preparat on

In the interest of coriserving computing time and storage, a frame size of 704 H x
480 V was chosen. The 60 frame per second progressive scenes were derived from
progressive high definition source material which was appropriately filtered and
resampled to 704H x 480V The interlaced scenes were than derived from the progressive
scenes by selecting the odd lines from the odd progressive frames and the even lines from
the even progressive frame: . Of course, the interlaced scenes have an effective vertical

resolution which is signific..ntly lower than the progressive scenes!.

Video Coder Configuraticn

A software impleme ntation of an MPEG-2 coder? was used with progressive
refresting (see below). No B-frames (bidirectional prediction) were used since the
benefit.of B-frames is independent of scanning format. A bit-rate of 4 Megabits/sec was
choser. for all experiments, sxcept for the coding of random noise because of its
difficulty. The refresh rate was selected to achieve a startup in one third of a second for
both formats. Field/frame « oding was used for all interlaced scenes. Figure 1 illustrates
how tte encoder can select whether to construct a given block of pixels from an
interlaced frame or from tw » fields.
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Figure 1. Field/frame coding
The picture quality was measured using the mean squared error of the difference

between the coded and the original pictures. This was expressed as a signal to noise ratio
in decibels using the follo'ving equation:

SNF = 10 log 10 [2552/(MSE(coded picture)]



It is generally accepted that differences in SNR of less than .5 dB are not significant.
Static and Predictable Scenes

Motion compensate:! transform coding explicitly measures spatial and temporal
redundancy in an image sequence and only sends unique picture information to the
decoder (see Figure 2). The use of intra-frame-only coding (refreshing shown in Figure
3) for decoder startup (channael acquisition), or to provide insert edit points, is an
exception to temporal redur dancy removal in the encoding process and requires an
increase in coded bit-rate to maintain equivalent picture quality. The best illustration of
this is :n the coding of a staric image sequence (repeated still). Virtually the only
information required by the decoder after startup is a set of zero-length motion vectors for
each frame which consume: a tiny fraction of the bit-rate for a motion sequence.
However, the use of I-frame s or I-blocks (I means intra-frame coding) dramatically
increases the bit-rate to leve Is comparable to coded motion scenes.

Qu ant iz ation
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iceo | oFD Qua n:‘z:tlon Information
ideo In » | a
u / DCT Selection
Qua ntized
- . s
Displa:ed Coefficients
Frame
Reconstructed '
DFD Inverse 1 lrverse
DCT Quantizers
Maticn Compensated
Predictor
Reccnstructed ‘
‘rame Mo tion
- Vectors
I Mot:ion E stimator

Figure 2. Video Encoder Loop



I-Frames

Advantages:

b Faster aquisition if closely spaced in time

» Provides clean inserticn points for commercialsor editing
Disadvantages:

p Complicates rate control

p Requires increased rate buffer size

> May produce periodic distortion variation

Progressive Refressing

] e |

Advantages:

* Easier rate control

* Smaller rate buffer pos sible
Disadvantages:

* Slower aquisition

Figure 3. Refreshing techniques

To achieve a given decoder startup time or insert edit point period, an entire frame
must be intra-frame coded within the given time constraint. Since the frame rate in our
progressive format (60 fraines/sec) is twice that of the interlaced format (30 frames/sec),
the ratio of intra-code frames to inter-coded frames must be twice as high for the
interlaced format compare:{ to the progressive format to achieve the same decoder startup
time. Therefore, the number of intra-coded frames per second is equivalent between our
interlaced and progressive formats. This holds true for both I-frames and progressive
refreshing with I-blocks. {ince virtually all of the bit-rate from a coded static scene is
consumed by intra-frame i1formation, the coded picture quality should not depend on
whether interlace or progressive scanning is used. However, the coding process will not
remove interlace artifacts. Thus, for static scenes, progressive scanning provides
equivalent coded picture qiality compared to interlaced scanning without interlace
artifacts. This was verified experimentally and the results are shown in the first row of
Table 1. The image of Ch:cago was coded with an SNR of 39.83 dB using progressive
and 39.97 dB using interla :ed scanning. This .|4 dB difference is not significant.



Scene ~ Bitrate “Progressive Interlaced Prog SNR
SNR(dB) SNR(@ - Int SNR
Chicago 4 39.83 39.97 -0.14
Still Mbits/sec
Panned 4 21.92 21.84 0.08
Map Mbits/ sec
Noise 12 18.10 19.57 -1.47
Mbits/sec
Chicago 4 27.19 2691 0.28
Zoom Mbits/sec
Mall 4 34 .61 34.96 -0.35
Mbits/ sec
Traffic 4 39.40 38.58 0.82
Mbits/sec

Table 1. Video coding results

The second row of " ‘able 1 shows results for a Panned Map which is highly
predic:able and contains nc noise. As expected, the two formats performed nearly
equally with the progressiv - SNR higher than the interlaced SNR by .08 dB.

Random Noise

Now consider the ¢ oding of a sequence of frames of random noise. This type of
scene is the opposite of a static scene from a video coding perspective, i.e., static scenes
are completely correlated (it least temporally) and noise is completely uncorrelated. The
only opportunity for reduncancy removal in this case is the substitution of coding
artifacts for some of the rardom noise using human perceptual modeling. Again, the
intra-coded block rate is equivalent between our two formats but now the inter-coded
blocks consume nearly as niany bits as the intra-coded blocks and the interlaced format
has half as many inter-coded blocks per second as the progressive format. Therefore, the
coding of interlaced randor1 noise should provide better fidelity than progressive random
noise. In effect, interlaced scanning of random noise discards half of the noise samples
before coding which reduce s the bit-rate proportionately. The third row of Table 1 shows
the experimental results for this case where the coding of a noise sequence produced a 1.5
dB increase in SNR using 1aterlace compared to progressive scanning. A bit-rate of 12
Megabits/sec was used for his difficult scene to give reasonable SNR values.

Typical Scenes

Row 4 of Table 1 sliows coding results for a scene which contains no noise but is
only partially predictable b:cause it is a computer generated zoom using the Chicago still.
Block-based motion compensation can only approximate non-translational motion such
as zooming or rotation. Progressive scanning is slightly favored for this scene with a .28
dB increase in SNR compared to interlace.

Typical camera scenes contain some noise (electronic or film grain), static or
temporally predictable areas (panning), and areas with unpredictable or complex motion
(uncovered background, fast zooms). The contribution to the total coded bit-rate from
each type of scene content s proportional to the area of each type integrated over the
duration of the scene. The contribution to coded bit-rate from noise is proportional to the
noise amplitude and spectral characteristics. Table 1 lists two scenes in rows 5 and 6
which were filmed at 30 frimes/second called Mall and Traffic. These scenes were
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scanned and digitized before coding and they were doubled in speed to 60 frames per
second in order to derive both 60 frames/sec progressive and 30 frames/sec interlace from
the same scenes. Of course changing the frame rate in simulation is done merely by
changing a software paramster. The Mall scene was shot indoors and contains the
random motion of a fountain and some complex motion (people walking). Increased film
grain from indoor light levels and random motion gives the interlaced form of this scene a
.35 dB increase in SNR coinpared to the progressive form. This is not significant and
does riot result in any visib'e improvement in picture quality. The Traffic scene was shot
outdoors and contains various speeds of motion. The progressive form of this scene
produced a .82 dB increase in SNR compared to the interlaced form. This is a somewhat
visible difference in picturc quality. The interlaced forms of both scenes contain visible
interlace artifacts.

Conclusions

The experimental results clearly show on a wide variety of scenes that the picture
quality of coded progressive scenes is equal or better than that of the interlaced form of
the same scenes. In one case the progressive picture quality was significantly better than
interlaced (not considering interlace artifacts). This may have been due to the increase in
spatial frequency energy ir moving areas. If frame coding is used, moving edges are
jagged leading to high frequency DCT coefficient amplitude. If field coding is used, the
smaller block size reduces ‘he efficiency of the DCT.

Since the pixel rate of the progressive format is twice that of the interlaced format,
the coding efficiency for progressive scanning has been shown to be twice that of
interlaced scanning. The only exception to this is scenes with high amplitude random
noise. Properly coding such scenes calls for noise filtering before coding using
progressive scanning. If the noise was intentionally added for effect then a block-based
pseudo-random noise pattern should provide sufficient spatial and temporal
redundancy for good pictuse quality. If the availability of progressive scan cameras is in
question then deinterlacing before video coding should provide most of the benefit of
progressive scanning.
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Summary

Progressive scanning is .he most direct approach to represent two-dimensional images.
However, in the early yz2ars of television, an interlaced format was chosen in order to
efficiently save bandwid h. Even if this latter format introduces some well known arte-
facts such as interline t vitter, line crawling and field aliasing, these effects were not so
annoying at the time ¢’ early television, mainly due to the limited spatial definition
and the limited brightn:ss range of the cameras and the displays at that time. Today,
with the progress in te:hnology, these artefacts become more obvious. However it is
stil true without any ;easonable doubt that for analog television interlaced scanning
offers an improved pict'. re quality compared to progressive scanning at the same trans-
mission bandwidth. This does not necessarily hold for digital television because the
picture quality depends on the coding efficiency at a given bit rate. In such a context,
the advent of the futur: digital and/or high-definition television may be seen as a good
opportunity to bring a ‘hange in scanning formats. Even if the use of a progressive for-
mat could require at fi:st sight twice the bandwidth of the interlaced one, the increase
in vertical and tempor..l correlations within and between frames provides a significant
improvement in the coling efficiency. Also, even if an interlaced scheme is chosen for
the future digital telev:sion, a progressive format may still be of interest as an interme-
diate format in order ‘o improve the coding of interlaced sequences. Advantages and
drawbacks of interlacec and progressive scannings are reported in this deliverable.
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Advantages and Drawbacks of Interlaced and
Progressive Scanning Formats

1 Introduction

[nterlaced and progre sive scanning formats often have been the center of intense dis-
cussions about their espective advantages and drawbacks, especially in the context
of making a choice fo- the future digital television. Chosing one or the other format
basically reverts to th: problematic choice between an ingenious bandwidth reduction
(vet offering satisfying quality for the end-user) and an improved visual quality at the
display. Signal proces:ing theory tells us that halving the information rate, which is the
case when the interlac ed format is chosen instead of the progressive one, must reduce
tae quality of the disp ayed picture and so the saving in bandwidth is accompanied by a
variety of effects like ine crawling and interline twitter [1]. However interlaced format
has been chosen in th: early years of television considering it was one of the most in-
teresting solution to a hieve data compression with regard to the available technology.
[t also offered a cleve trade-off between image data compression and display quality.
Today, the improved « uality of the sources and displays make the viewer much less tol-
erant of the defects of he interlaced format, especially for large displays (e.g. peripheral
vision), at close viewir g distance and high brightness levels. The change from analog to
digital television may e seen as a good opportunity to change formats. Hopefully, since
most digital communi -ation services are new, the backward compatibility constraints
in the choice of a sca ining format are still limited. This choice however needs to be
made with much care. ‘o avoid backward and lateral compatibility problems that would
become difficult to sol ‘e in the future [2]. In addition, in order to leave space for future
upgrades throughout Il the video coding chain it could be envisaged as a wise step not
to degrade image qua ity at the very beginning of the process, i.e. inside the camera,
choosing a lossy scan ing format. But even if an interlaced scheme is still chosen for
future developments, . progressive format may be still of interest as an intermediate
format for improving he coding efficiency and simplify image processing.

This deliverable will liscuss advantages and drawbacks of interlaced and progressive
formats considering m ultiple viewpoints. The following section (section 2) will be de-
voted to the historicai reasons which led to the choice of interlaced format for the early
television. We then vill discuss the influence of the scanning format on the visual
perception of the displayed image (section 3). Next sections are structured following
the logical order of b ocks inside a typical video broadcasting chain (figure 1), from



the signal generation t.» the final displaying, and involves camera technology (section
4). signal processing aspects (section 5), coding performances (section 6) and display
technology (section 7). Finally, last section (section 8) will describe some scenarios for
the introduction of a p ogressive scanning format in television.

BROADCASTIG
SIGNAL ENCODING DECODING
PROCESSINt

‘ SOURCE

Tube Camera | Filtering § Coding Efficiency § Scalability CRT Display
CCD Camera ' Down/Up Sam: ling : Hardware Aspects Still-Picture LCD Display
Digitized Film ! Multi-Resolution # aalysis : : Format Conversions | DMD Display
H : : - deinterlacing !
Slow-Motior: : ; - reinterlacing
H : - frame-rate
Post-Produced ! X : : - aspect ratio
Chroma-Keyin : Interoperability H
: ' with multimedia :
Format Convers )ns ¢
- deinterlacin:
- reinterlacin; : :
- frame-rate : Reference encoder used : MPEG2 |
- aspect ratio . ;

Figure 1: Viceo broadcast main blocks and aspects directly related

2 Historical Considerations

2.1 The Choice o’ an Interlaced Format

Thae choice of the actu .l television system arose from numerous compromises between
the visual quality of th: displayed image, the bandwidth required for the transmission,
the technical feasibilit of the fundamental components (analysis tube, cathodic ray
tube, etc.), the cost pr ce of the receiving set and other economic considerations.

At the time of early tel--vision, a 50Hz field frequency was chosen considering principally
the following points {3 :

1. Correct movemer ¢ restoration. Image frequency (or frame frequency) must be
larger than 15 im iges/second in order to avoid a jerky effect in fast motions.

2. Display tube. Cat 10dic ray tubes have exponential decreasing brightness response.
The light emitted from a portion of the screen is pulsed, leading to some flickering
effect. In usual ' orking conditions of screen size and brightness, field flickering
disappears for fre juencies above 50Hz. By means of interlacing, the mean lighten-
ing emitted from . portion of the screen is pulsed at field frequency. Consequently,
field frequency m st be at least equal to 50Hz.

3. Device conceptior . An economic realization of the receiver involves some restric-
tions to the field requency in order to avoid visible defects due to the influence of
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the 50Hz-alternati: e mains onto the display process. Hum effect may influence po-
larization voltages and lead to some interference with the luminance signal. Also,
magnetic radiation issued from the feeding transformer may influence the cathodic
beam and alter the geometry of the displayed picture. These defects are much less
perceptible when t1ey appear static on the screen. It implies that they have to be
synchronized with the display frequency.

These considerations lec to the choice of a 50Hz field frequency (60Hz for countries for
which a 60Hz mains wa: adopted).

About the format itself interlaced was mainly chosen for limiting the bandwidth re-
quired to transmit a t-levision channel : interlacing can be seen as a subsampling
process capable to redu :e the bandwidth by a factor of two (figure 2) without limiting
the vertical resolution ir static pictures. Interlaced format also allows to make hardware
implementation easier :2.g. deflection control at the Cathodic Ray Tube - CRT) and
consequently lower the srice of consumer’s television set.

é % é % 50Hz Interlaced
N
20ms
% % % % 50Hz Progressive
40 ms
y 25Hz Progressive

‘igure 2: The different scanning formats

Unfortunately, interlaciig produces some specific defects like interline flicker, line crawl-
ing and pairing. These defects will be further described in section 3.

O



2.2 About a 25Hz-progressive Format

In order to avoid the zbove mentioned defects, let us notice that a 25Hz-progressive
format might have beer chosen at the time of the early television instead of the inter-
laced format. Twenty-ive frames a second are high enough for a very large class of
picture material, including all films. However, each frame has to be repeated in order
to convert the display rfresh into a 50Hz refresh rate and so avoid large area flickering.
This technique works fine and is commonly used to screen films (24Hz-progressive) on
cirema, broadcasting fi ms on television or even as an intermediate format within par-
ticular television cameris [4]. 25Hz-Progressive format requires the same bandwidth as
interlaced but does no' suffer from the interlaced defects. However, this format was
not chosen at the start of early television. First, because frame memories needed to
perform the frame repetition were nearly non-existent at that time (and certainly too
expensive to be integrated in every receiver). But also because the deflection processing
at the display must be 'wice as fast as for interlaced, resulting again in increasing the
cost price of the receiv'r. At last, let us notice that repeating twice the same image
may lead to some anno: ing jerk effect in moving parts of the scene at critical velocities.
In order to avoid this, ' he integration time of the camera must be equal to the elapsed
tire between two successive images : 40ms for 25Hz-progressive instead of 20ms in the
case of 50Hz-interlaced 'progressive. Consequently, 25Hz-Progressive sequences suffer
from increased blur in - uick moving parts of the scene.

3 Visual Cons'derations

3.1 Scanning Art-facts

The "analog” scene cap tured by a television camera may be seen as a function depend-
ing on three variables the time, the horizontal and the vertical directions. In order
to convert this functios into a one dimensional electric signal, it is required to sample
(a: least) two of these | arameters. Therefore, the time variable and the vertical dimen-
sicn have been sample: (figure 2). The resulting video signal provides signal at fixed
moments and fixed line ;. This "scene”-scanning process generates some defects which
might be visible under iome conditions :

1. Line structure vis bility. Caused by the vertical sampling and increased by close
viewing.

2. Jerk in motion. A >pears when the temporal sampling frequency is too low (below
15 images/second

3. Large area flicker It depends more on the CRT refresh (pulsed excitation and
exponential decre: sing brightness response) rather than the choice of the temporal
sampling frequency itself. However, they are related. This large area flickering
effect is increased for high brightness values and for peripheral vision (increased
flicker-sensitivity f the eye).



3.2 Additional Artefacts of Interlaced Format

The above mentioned defects of the scanning process stands for progressive format as

well as for interlaced. [n addition, interlaced format suffers from further defects. These
are 1, 3, 6]:

L. Interline flicker. When lines are enough spaced to be distinguished by the eye
(large displays o' close viewing distance), alternating fields causes the twittering
of the line struciure. Also, if an object has a sharp horizontal edge, it will be
present in one fi:ld but not in the next. The refresh rate of the edge will be
reduced to the fr .me rate, 25Hz (or 30Hz) and will become visible as twitter.

2. Line crawling. "Vhilst the vertical resolution of a test card is maintained with
interlaced, apart from the twitter noted, the ability of an interlaced standard to
deal with motion is halved. Line crawling is caused by the halving of the vertical
resolution for slo'/ly moving parts of the picture in the vertical direction. It also
causes diagonal 1 oving edges to be crenelated.

3. Pairing. Interlac ng is correct when the lines resulting of the merged fields are
strictly equally s, .aced. For different reasons, it could not be the case at the dis-
play. It may thus bring some lines nearer causing larger black intervals to appear.

This pairing cffe 1 increases the line structure visibility and damage the image
quality.

These effects may alst be explained in the light of the sampling theory [5, 6]. In a
frequency domain, saripling reverts to repeat the spectrum of the "analog” scene at
harmonics of the field repetition and the line repetition rates (figure 3). In order to
avoid aliasing (i.e. ove-lapping of the different repeated spectra) a pre-sampling filter-
ing must be performed at the camera.

Temporal pre-filtering is only due to the remanence effect in the camera tube. The
choice of this paramet r is not obvious because various applications have to be con-

sidered: from very slo vly moving pictures to scenes with very quick motion. Those
filzering effects are poc .

The vertical spatial p:e-filtering is obtained by defocusing the camera optics or the
electron beam (i.e. mcdifying the analysis spot size). The spot acts as an integrator
of the luminance over : finite region. Once again, the performances of such system are
poor. For digital televi: ion, were horizontal direction has also to be sampled, templates
for horizontal pre-filter ng filters were optimized by the CCIR and EBU.

The scanning defects v sible at the display are caused by the presence of the repeated
spactra (dotted lines in figure 3). In order to reduce it, some post-filtering must be per-
formed. Most of this p:st-filtering count upon the properties of the human vision. The
human eye may be com pared to a spatio-temporal low-pass filter. Although there is no
separability between space and time, the behavior of the eye may be assimilated to a
50Hz-cutoff frequency | w-pass temporal filter and a spatial low-pass filter with a cutoff
frequency of approxim: tely 25 cycles by degree of visual angle (e.g. 250 cycles/screen
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Figure 3: Repe'ition of the spectra for interlaced scan (25Hz/575 lines)

height for a viewing dis ance of 6H or 350 cycles/H at 4H). This is also shown in figure 3.

The spectra repeated a. the multiple of the field frequency are responsible for the large
area flicker (particular y the spectra labeled A). Some post-filtering is obtained from
the tube remanence an | the temporal low-pass filtering effect of the eye.

The repeated spectra a ong the vertical frequency axis are responsible of the line struc-
ture visibility (particu.arly the spectra labeled B). As no vertical low-pass filtering is
used for the display, tl e only way to eliminate that effect is to take advantage of low-
pass property of the h iman eye and the finite size of the picture tube spot. In order
to have the wanted ey ' low-pass effect, the observer has to stay far enough from the
screen. The line struct ire is generally dimensioned for a viewing distance of six times
the height of the scree

As shown in figure 3, he interlaced scanned format has also spectra located at quin-
cunx points (labeled C |. Those spectra are responsible for the interline flicker and the
crenelated diagonal me ving edges.



3.3 Kell factor

These same spectra are also responsible for the introduction of a so named Kell fac-
tor. A vertical samplinz frequency of 575 lines per screen height theoretically allows
to display vertical spat al frequencies up to 287.5 cycles per screen height. However,
extending the vertical t andwidth up to this limit leads to an additional flicker due to
the aliased spectra as il ustrated in figure 4.

Vertical Resolution (cyles/H)

S LR

' 50 Temporal Resolution (Hz)

Large (vertical) area flicker

Figure 4: 25Hz flickering (Interlaced 50Hz/575 lines)

The effect of this repeat :d spectra, in particular the effect of the flicker area represented
in figure 4, can easily te explained. At first, let us notice the relationship that exists
between the points lab:led A anb B in this same figure. Point labeled A represents
a static (i.e. temporal frequency equals zero) television sequence which contains the
highest possible vertical definition. On the opposite side, the point labeled B only has a
poor vertical definition but owns the maximum allowed temporal resolution. The tele-
vision sequences associ: ted to these "spectral points” are illustrated in figure 5. This
figure shows that, when these two sequences are displayed in the interlaced format, they
give rise to the same displayed sequence and the viewer is not able anymore to deter-
miane which was the orizinal scanned sequence. It is the definition itself of the aliasing
phenomenon. In this case, it produces an additional flicker.

This flicker has a low ertical frequency, which means it affects large (vertical) areas,
and has a temporal frequency close to 25Hz which reveals to be annoying. In order
to minimize this effect, some additional pre-filtering has to be performed, reducing the
vertical resolution belo'v its theoretical limit. This reduction factor is called the Kell
factor (figure 6) and ha: a typical value of 0.7 (but may vary up to 0.9 or 1 if no filtering
is processed). This filte ing is achieved at the camera.
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Figu e 5: Aliasing phenomenon (50Hz-interlaced)

3.4 Progressive fcrmat

Compared to interlace. progressive scanning offers the benefits of a improved vertical
resolution, especially ¢ moving parts of the picture for which intra field aliasing is
avoided. As illustrated n figure 7, progressive scanned sources do not suffer from inter-
line flicker or crenelate: moving edges (label C on figure 3). Also, they do not require
additional vertical filte ing like mentioned for the Kell factor.

3.5 Subjective Cimparison between Progressive and Interlaced for-
mats

Tests have shown that all other things being equal (screen size and total number of
lines per screen height} a 2:1 interlaced picture has to be viewed from almost twice as
far away as a progressi ‘e scan picture [1]. It was also shown that for the same viewing
distance, progressive sc in needs about 35% fewer lines compared to interlaced in order
to offer the same vertic il resolution [7].

4 Source Image Capture Aspects

The influence of source image capture devices reflects throughout all the video broad-
casting chain and also »n the choice of the scanning format. The substantial SNR loss
incurred in progressive scanning compared to interlaced in pickup tube camera technol-
ogy has practically det :rmined the concentration of all the researches on the interlaced
format. However, the iatroduction of the HDTV together with the fast growing of the
CCD technology seem o modify this scenario. In fact, while researches on conventional
interlaced cameras ma aly focus on upgrades regarding lower weight, dimensions, cost,
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Fig re 6: Kell factor (Interlaced 50Hz/575 lines)

target voltage, and eas er control (for important parameters such as the temporal aper-
ture), requirements of IDTV lead to improve the performances of the CCD technology.
These progresses can hus be used to reduce the performance gap in sensitivity and
SNR between interlace | and progressive scan. In the following some of the latest con-
tributions in this dom: in are briefly synthesized.

SNR evaluation for a v:deo-camera passes through a study of noise sources, physically
related to the characte istics of image capture and of the generation of the output cur-
rent/voltage signal. T!ere are basically two kinds of noise sources in a TV camera [8]
: the first one is quant im noise (or shot noise), related to the photoelectric converter
prasent in a tube picku; and in the photo diodes of CCD; its power spectrum is flat both
for tube and for CCD :ameras. The second one is device noise (or triangular noise),
which for tube is main y due to the first stage amplifier noise, and it increases in pro-
portion to the cube of :he signal bandwidth. The latter is 9 dB lower with interlaced
than with progressive .canning [10]. [t explains the poor quality of sequences taken
through a classical proy ressive tube camera, as well as the low contrast and brightness
observed in these pictu es.

More difficult is an eficient computing of SNR for a CCD camera, because of the
presence of various dev ce noise sources (reset noise, amplifier noise, shot noise of the
dark current), with specific frequency behavior and without a clear dominance of a single
component. In additica it is noticeable that CCD chips usually performs interlaced
scanning by summing the signal charge of two vertically adjacent pels, alternating the
combinations of the tw pels by the field, so the signal voltage (and sensitivity) in the
progressive operation it half the interlaced one. By summing up the increase/decrease
of noise power contribi tions and taking into account the last consideration, the SNR
deermined by device n»ise of a progressive CCD camera decreases by (6+a) compared
to that of an interlacec one, where -3 < o < +3 expresses the variable dominance of
on2 noise over the oth:rs and depends on the manufacturing technology. Moreover,

11



